7 evolutionary dynamics at linked sites. While coevolution across linked, epigenetically-8 interacting loci has been extensively explored, such supergenes may be relatively rare. 9 However, genes harboring adaptive variation can occur in close physical proximity while 10 generating independent effects on fitness. Here, I present a model in which two linked loci 11 without epistasis are both under balancing selection for unrelated reasons. Using forward-12 time simulations, I show that recombination rate strongly influences the retention of 13 adaptive polymorphism, especially for intermediate selection coefficients. A locus is more 14 likely to retain adaptive variation if it is closely linked to another locus under balancing 15 selection, even if the two loci have no interaction. Thus, two linked polymorphisms can 16 both be retained indefinitely even when they would both be lost to drift if unlinked. Such 17 clusters of mutually reinforcing genes may underlie phenotypic variation in natural 18 populations. Future studies that measure selection coefficients and recombination rates 19 among closely linked genes will be fruitful for characterizing the extent of this 20 phenomenon. 21 2 22
Introduction 23
Balancing selection is an evolutionary process that maintains more than one allele at a 24 locus for longer than would be expected under genetic drift alone (Fijarczyk and Babik 2015) . 25 Numerous examples of balanced polymorphisms are well known, related to infectious disease 26 (Pasvol et al. 1978; Hughes and Nei 1988; Tennessen and Blouin 2008) ; Key et al. 2014; Delph and Kelly 2014) . 35 For an adaptive polymorphism to survive, balancing selection must overcome genetic 36 drift (Sutton et al. 2011) , which is primarily determined by the effective population size (Ne). 37 When s, the selective advantage of a genotype, is much less than 1/Ne, the polymorphism is 38 effectively neutral and it is eventually lost, whereas if s is much greater than 1/Ne, the effects of 39 selection will govern evolution (Ohta 1992). Thus, when s is close in magnitude to 1/Ne, the 40 opposing forces of balancing selection and drift nearly cancel out, and the fate of a balanced 41 polymorphism may be more heavily influenced by other factors, including selection acting on 42 linked sites. Linkage disequilibrium (LD) between physically adjacent loci has been recognized 43 3 as an important factor determining evolutionary outcomes, and thus a haplotype block of several 44 loci in LD, rather than an individual locus, may be thought of as the unit of selection (Casillas 45 and Barbadilla 2017). The extent of LD between two linked loci depends on the recombination 46 rate (r), Ne, and other evolutionary forces. For balancing selection, this haplotype framework 47 raises the question of if, and how, genetic variation at one locus affects the probability that 48 adaptive variation will be maintained at linked loci.
49
One obvious mechanism is epistasis: if only certain combinations of alleles at two linked 50 loci yield high fitness, then allele frequencies at one locus will depend on those at the other 51 locus, resulting in epistatically interacting "supergenes" (reviewed in Thompson and Jiggins 52 2014; Llaurens et al. 2017) . Intuitively, if the fitness effect of one locus depends on the genotype 53 at a second, linked locus, then not only might selection favor LD between these loci, but the 54 strength of selection on the resulting multi-locus haplotype may be greater than it would be for 55 either locus in isolation. In deterministic models, linkage only affects equilibrium allele heterozygous locus, such that double heterozygotes had a fitness of 1 + 2s. Thus, the model was 85 consistent with overdominance, which is mathematically equivalent to some forms of frequency- 
where a is the fitness of double homozygotes (here 1), b and c are the fitnesses of each single 90 heterozygote (here both 1 + s) and d is the fitness of double heterozygotes (here 1 + 2s). Thus, 91 there is no epistasis as defined by Lewontin and Kojima (1960) . 
119
When selection was weak (Nes ≤ 5), polymorphism was lost relatively quickly in 2 to 7 120 Ne generations regardless of recombination rate, whereas if selection was strong (Nes ≥ 15), 121 polymorphism was typically retained for the duration of the simulated 50 Ne generations.
122
However, for all values of Nes, lower values of ρ were associated with greater retention of 123 polymorphism ( Figure 2 ). Specifically, for Nes values of 12 and under, there was a significantly 124 negative relationship between ρ and MTF (P < 0.05; Table 1 ). The strongest effect was observed 125
for Nes of 8, such that reducing ρ by 50% resulted in a 29% increase in MTF (P < 10 -5 ; 
